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Introduction
. c-di-AMP binds to and negatively regulates a number of 75 different potassium and osmolyte importers (Rocha et al., 2019 , Quintana et al., 2019 depending on their intracellular c-di-AMP levels (Zeden et al., 2018 , Corrigan et al., 2011 .
Bacteria of the high c-di-AMP level S. aureus mutant strain LAC*gdpP show a decrease in constructed by phage transducing the alsT::tn region from the Nebraska Transposon Mutant Library (NMTL) strain NE142 (Fey et al., 2013) into the S. aureus LAC* strain background.
knowledge, this has not yet been experimentally verified. Expression of alsT is controlled in However, none of the transporters (AlsT, SAUSA300_0914 and GlnPQ) investigated so far major high-affinity Na + -coupled glutamate/aspartate symporter and can also mediate the uptake of glyphosate (Wicke et al., 2019) . An additional two paralogs, DctP and GltP are 276 found in B. subtilis of which GltP has also been shown to be a glutamate transporter (Tolner 277 et al., 1995) . The S. aureus protein SAUSA300_2329 (from here on referred to as GltT)
278
shows a high degree of similarity (52% identity) to the B. subtilis GltT protein. In addition, we 279 identified SAUSA300_2330 (from here on referred to as GltS) as a potential glutamate 280 transporter in S. aureus due to its similarity to the E. coli glutamate permease GltS (e-value: 281 6e-77; 38% identity) (Deguchi et al., 1990) . To test if S. aureus GltT or GltS are glutamate 282 transporters or impact glutamine uptake in S. aureus, strains LAC*gltT::tn and LAC*gltS::tn 283 were constructed by moving the respective gltT and gltS transposon insertion regions from 284 the NMTL strains NE566 and NE560 (Fey et al., 2013) into the LAC* strain background.
285
Next, the uptake of radiolabelled glutamine and glutamate was assessed for the WT LAC* 286 strain and the LAC* gltT::tn and LAC* gltS::tn mutants. No difference in the uptake of 287 glutamine was observed between the strains ( Fig. 5A ) and in the case of LAC*gltT::tn, also 288 no difference in the uptake of glutamate was observed. However, a significant reduction in 289 glutamate uptake was observed for strain LAC*gltS::tn when compared to the WT (Fig. 5B ).
290
The glutamine uptake defect could be restored in a complementation strain harbouring 291 plasmid piTET-gltS allowing for inducible gltS expression ( Fig. 5C ). Indeed, increased 292 glutamate uptake was observed in the complementation strain, indicating increased gltS 293 expression in the complementation strain as compared to a WT strain. Taken together, 294 these data reveal that under the growth conditions tested, GltS is the main glutamate 295 transporter in S. aureus. ammonium as nitrogen source.
on the growth of S. aureus as well as to evaluate the contribution of the glutamine (AlsT) and 301 glutamate (GltS) transporters for growth, growth curves were performed with WT, alsT::tn 302 and gltS::tn mutant strains in chemically defined medium (CDM) lacking ammonium and 303 containing either glutamine (CDM+Gln) or glutamate (CDM+Glu). Reduced growth was seen 304 when the S. aureus strains were grown in glutamate as compared to glutamine containing 305 medium, suggesting that glutamine but not glutamate can stimulate the growth of S. aureus 306 in CDM lacking ammonium as nitrogen source (Fig. 6A ). Consistent with this, the alsT::tn 307 mutant strain, which is deficient in glutamine uptake, showed a similar growth reduction even 308 if grown in the glutamine-containing medium (CDM+Gln) (Fig. 6A ). The observed growth 309 defect for the alsT mutant in CDM+Gln could be restored in the complementation strain 310 harbouring the plasmid piTET-alsT ( Fig. 6B ). On the other hand, the gltS::tn mutant, which is 311 defective in glutamate uptake, grew similar to the WT strain under all conditions tested, 312 suggesting that glutamate uptake does not impact the growth of S. aureus under the test 313 conditions. Taken together, these data indicate that glutamine is preferred over glutamate for 314 the growth of S. aureus in CDM lacking ammonium as nitrogen source.
316
Glutamine uptake leads to a reduction in the cellular c-di-AMP levels in S. aureus
317
In a previous study, it has been reported that the presence of glutamine or glutamate in the 318 growth medium can affect cellular c-di-AMP levels in B. subtilis and it was proposed that aureus strain LAC* following growth in CDM+Gln or CDM+Glu medium. c-di-AMP levels phosphodiesterase GdpP (strain LAC*gdpP::kan) c-di-AMP levels were increased as 326 compared to a WT strain ( Fig. 7A ). Interestingly and similar as observed for the WT strain, c-327 di-AMP levels were also higher in the gdpP mutant strain in the presence of glutamate as 328 compared to glutamine. This indicates that the observed regulation of c-di-AMP synthesis 329 depending on the presence of glutamine or glutamate is at the level of synthesis and not 330 degradation. To test if glutamine uptake inhibits or glutamate uptake activates c-di-AMP 331 production, c-di-AMP levels were also determined for the alsT::tn and gltS::tn mutants, which 332 are defective in glutamine or glutamate uptake, respectively. Following growth in glutamate 333 containing medium, all strains produced high and comparable levels of c-di-AMP ( Fig. 7B 334 white columns). However, some variation in the relative c-di-AMP levels produced by the 335 gltS mutant compared to the WT strain was observed between experiments ( Fig. 7B white 336 columns and Fig. S3 ). The reason for this is currently not known. But taken together, our 337 data suggest that the ability of S. aureus to take up glutamate does not drastically affect c-di-
338
AMP production. On the other hand, clear differences in c-di-AMP levels were observed for 339 strain alsT::tn, which is unable to take up glutamine. The WT and the gltS::tn mutant strains 340 produced low c-di-AMP amounts following growth in CDM+Gln, while the c-di-AMP levels 341 remained high in strain alsT::tn. (Fig. 7B grey columns and Fig. S3 ), suggesting that 342 glutamine uptake inhibits c-di-AMP production. The c-di-AMP levels in the alsT mutant strain 343 could be restored back to WT levels in the complementation strain harbouring plasmid 344 piTET-alsT ( Fig. 7C ). Taken together, these results highlight that glutamine uptake blocks c-345 di-AMP production in S. aureus and that eliminating glutamine from the medium or 346 preventing its uptake stimulates c-di-AMP production. Such an activation is likely achieved an increase in cellular c-di-AMP levels was also detected in a gdpP mutant strain when enzyme GlmM (Tosi et al., 2019 , Zhu et al., 2016 , Gundlach et al., 2015b Intracellular c-di-AMP levels in WT LAC* and the indicated S. aureus mutant strains were picked from TSA plates and used to inoculate 5 ml of either CDM+Gln or CDM+Glu and the
Unique ID Strain name and resistance Source
Escherichia coli strains 
